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Structures of the extracellular domain of the type I tumor
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Stephen R Sprang2,4
Background:  Tumor necrosis factor (TNF) is a powerful cytokine that is involved
in immune and pro-inflammatory responses. Two TNF receptors that belong to
the cysteine-rich low affinity nerve growth factor receptor family (TNF-R1 and
TNF-R2) are the sole mediators of TNF signalling. Signalling is thought to occur
when a trimer of TNF binds to the extracellular domains of two or three receptor
molecules, which permits aggregation and activation of the cytoplasmic domains.
The complex is then internalized within an endocytic vesicle, whereupon it
dissociates at low pH. Structure of the soluble extracellular domain of the
receptor (sTNF-R1) both in the unliganded and TNF-bound state have previously
been determined. In both instances, the fourth subdomain of the receptor was
found to be partly disordered. In the unliganded state at pH 7.5, the extracellular
domain forms two distinct types of dimer, parallel and antiparallel; the antiparallel
dimer occludes the TNF-binding.
Results:  We have determined the structure of sTNF-R1 in two crystal forms in
high salt at pH 3.7. The orthorhombic crystals diffract to 1.85Å and the entire
polypeptide is well ordered. In contrast, the C-terminal 32 residues are
disordered in the hexagonal crystals. In the orthorhombic form, these residues
exhibit a topology and disulphide connectivity that differs from the other three
cysteine-rich domains in the molecule. In both forms, the interface is considerably
more extensive than that used in complex formation with LTa. This ‘low pH’ dimer
is different from both of the dimers observed in crystals grown at pH7.5.
Conclusions:  The occurrence of the antiparallel dimers in both low pH crystal
forms suggest that they are not an artefact of crystal packing. Such dimers may
form in the low pH environment of the endosome. Because the dimer contact
surface occludes the TNF-binding site, formation of this dimer would dissociate
the TNF–receptor complex within the endosome. Three of the four cysteine-rich
domains of TNF-R1 are constructed from two distinct structural modules, termed
A1 and B2. The fourth subdomain comprises an A1 module followed by an
unusual C2 module. Although the orientation of these modules with respect to
each other is sensitive to crystal packing, ligand binding, pH and ionic strength,
the modules are structurally well conserved between and within the known
sTNF-R1 structures.
Introduction
Tumor necrosis factor a (TNFa) and the closely related
protein lymphotoxin (LTa/TNFb) are now recognized as
two of the most pleiotropic cytokines, signalling a large
number of cellular processes, including cytotoxicity, apop-
tosis, antiviral activity and immunoregulatory activity [1].
The effects of TNF (denotes both cytokines) are signalled
through two receptors: type I (55kDa) and type II (75kDa)
[2–4]. The receptors belong to the cysteine-rich low affinity
nerve growth factor receptor superfamily (NGF-R) which
includes FAS, CD40, OX40, CD27 receptor and several
viral proteins [5]. Across the family there is little primary
sequence similarity among the extracellular domains, with
the exception of the pattern of cysteines, and none at all
within the intracellular domain. The receptors are struc-
turally distinct from the cysteine knot class of proteins such
as human chorionic gonadotropin (HCG) [6]. The X-ray
structures of sTNF-R1 (the soluble extracellular domain of
TNF-R1), both unliganded [7] and its complex with LTa
[8], shows the receptor to be an elongated molecule, with a
ladder-like progression of disulfide bonds along the long
axis of the molecule. A linear combination of four subdo-
mains was identified in the structure. The C terminus of
the fourth subdomain is disordered in both structures and
its primary sequence is inconsistent with the subdomain
structure of the other three.
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Signal transduction occurs when TNF binds to the extra-
cellular domains of two or three receptor molecules. This
event promotes aggregation [9,10] of the intracellular
domains, which in turn stimulates their interaction with a
variety of other signalling molecules [11,12]. After sig-
nalling, the complex is internalized, and dissociates in the
low-pH environment of the endosome [13]. The extracellu-
lar domain of the receptor is found as a soluble protein
(sTNF-R1) in serum and may act to downregulate TNF
signalling [14]. In the 2.85 Å crystal structure of LTa com-
plexed to sTNF-R1 [8], three sTNF-R1 molecules are
bound parallel to the LTa trimer axis. One sTNF-R1 mol-
ecule is bound at each of the three LTa–LTa interfaces.
Interactions with LTa are confined to two clusters, essen-
tially the C-terminal half of the second subdomain (residues
56–74) and much of the third subdomain (residues 77–81
and 107–114). The receptor extracellular domains do not
contact each other in the complex.
The X-ray structure of unliganded sTNF-R1, crystallized
from 2-methylpentan-2,4-diol (MPD) at pH 7.5 [7], raised
the possibility that TNF release induces quaternary struc-
tural changes in the extracellular domain that could regu-
late the activity of the receptor. This structure showed that
sTNF-R1 in the absence of TNF forms two distinct types
of dimer one of which occludes the TNF- binding site 
[7]. A regulatory function for the ligand- binding domain is
suggested by the aggregation and signalling activity shown
by intracellular domains expressed in the cytosol in the
absence of TNF [15]. In contrast, intact receptors are
tightly regulated and silent in the absence of TNF. One
interpretation of these results is that, in some way, the
extracellular domains prevent ‘false’ signalling in the
absence of TNF.
We suggested that dimerization of the extracellular domain
could prevent signalling. We observed that one of the
dimers, in which the extracellular domains are arranged in 
a parallel fashion, did not occlude the TNF-binding site.
Such dimers could promote the formation of large cell
surface aggregates that could play a role in complex inter-
nalization or may concentrate the signal within the cell.
However, such aggregates were not observed in the crys-
talline LTa–sTNF-R1 complex [8].
We report two new structures of unliganded sTNF-R1,
obtained at high ionic strength and pH 3.7. Both crystal
forms diffract X-rays to d spacings less than 1.9 Å. In one
form, the entire polypeptide chain (corresponding to
residues 11–172 of full-length human TNF-R1) is ordered.
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Figure 1
(a) (b)
The complete structure of the monomer of sTNF-R1. (a) A stereo
diagram of the numbered Ca trace of the sTNF-R1 molecule found 
at pH 3.7. (b) A ribbon representation of the structure with disulphide
bonds shown as yellow spheres, prepared with RASTER3D [31].
Subdomains one and three are in red and subdomains two and four
in orange.
The C terminus of the fourth subdomain of sTNF-R1 has
a different disulfide connectivity from that previously pro-
posed [8] and a fold that is different from the C termini of
the other three subdomains. At low pH the receptor is
found as a dimer with extensive interactions between
monomers, which occludes the TNF interaction surface.
We suggest that this dimer may form during endocytosis,
disrupting the TNF–TNF-R1 complex and allowing recy-
cling of the receptor [16]. Consistent with an observation
by Bazan [5], we find that each subdomain comprises two
distinct types of structural modules. The modules, rather
than the subdomains, are structurally conserved within the
sTNF-R1 molecule.
Results and discussion
The monomer and the low pH dimer
From a concentrated solution of magnesium sulphate
buffered at pH3.7, crystals of sTNF-R1 appear simultane-
ously in hexagonal and orthorhombic space groups. The
sTNF-R1 monomer (Fig. 1) found in the orthorhombic
space group is highly elongated, with a solvent accessible
surface area [17] of approximately 12000Å2 (0.48:0.52,
apolar:polar) and an accessible surface to volume ratio of
0.72Å–1, seven times greater than for a sphere of equivalent
volume. The monomer has no hydrophobic core but buries
over 90% of the solvent-accessible area of the sulphur
atoms in the disulphide bonds. The overall fold of the
protein has been described [7,8]. The C terminus of the
fourth subdomain (153–172), which was disordered in
structures previously reported [7,8], is ordered in the
orthorhombic crystals, but not in the hexagonal form. The
disulphide pattern Cys3–Cys6 and Cys4–Cys5, is also dif-
ferent from the other subdomains (Fig. 2) which leads to 
a structure with a topology different from that observed in
the other three subdomains (Figs 1,2). With the crystal
structures described here, the structure of sTNF-R1 has
been observed in six distinct packing environments. Within
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Figure 2
A disulphide connectivity diagram of (a) the
third and (b) fourth subdomains. The
disulphide connectivity is clearly different in
the fourth subdomain.
Table 1
Interactions that constitute the dimers and LTa complex of
sTNF-R1.
Interaction pH 3.7 pH 7.5 pH 7.5 LTa
dimer antiparallel parallel complex
dimer dimer
Hydrogen bonds* 12 11 11 14
van der Waals† 112 106 149 115
Ion pairs‡ 1 2 1 4
Bridging waters 15 5 10 1
Contact surface§
polar(Å2) 1402 878 1064 1014
apolar(Å2) 1480 1597 1079 1154
total(Å2) 2882 1475 2143 2168
Complementarity# 0.65 0.70 0.67 0.66
*Contacts closer than 3.3Å with appropriate stereochemistry; †contacts
closer than 4.0Å; ‡contacts closer than 3.3Å involving two oppositely
charged groups (at pH3.7 we do not expect these to be charged
interactions); §defined using a 1.4Å probe [17]; #calculated by the
method of Lawrence and Coleman [33].
this group, the conformation of the C-terminal subdomain
ranges from completely disordered to fully ordered.
In both crystal forms, the prominent structural unit is a
dimer of sTNF-R1 molecules (Fig. 3). However, the
packing arrangements by which the dimer is organized
within the hexagonal and orthorhombic cells differ. The
conservation of this dimer in the context of two different
crystal-packing arrangements suggests that dimer forma-
tion is driven by solvent environment and pH rather than
crystal-packing forces. The sTNF-R1 dimer found in the
orthorhombic and hexagonal crystal forms is different
from both of the dimers we previously observed in the
tetragonal crystal form grown from MPD at pH 7.5 (Fig. 4)
[7]. Although these differences in the dimer association
between the tetragonal and orthorhombic/hexagonal
forms may be attributed to either pH and/or the solvent
conditions, we refer to the dimers either as ‘high pH’
(tetragonal) and ‘low pH’ (orthorhombic, hexagonal). Like
one of the two high pH dimeric species, the low pH dimer
is formed by an antiparallel (head-to-tail) arrangement of
the monomers. Unlike the antiparallel high pH dimer
(Fig. 4b), the two monomers completely overlap, such
that the length of the dimer is 90 Å, almost identical to
that of a single monomer. There appears to be no obvious
explanation for why one dimer is favoured under different
solvent conditions. The low pH dimer remains extremely
non-globular with an accessible surface to volume ratio of
0.64 Å–1 (nearly six times greater than for a sphere of
equivalent volume). In the orthorhombic form, a noncrys-
tallographic twofold axis relates the monomers. The
N terminus of monomer 2 interacts extensively with the
C terminus of monomer 1, presumably ordering the two
termini. However, the opposite pair of termini do not form
such close contacts with each other, leading to disorder in
residues 11 and 12 in monomer 1 and residues 168–171 in
monomer 2. In the hexagonal crystal form an essentially
identical dimer is generated by a crystallographic twofold
axis. However, the C-terminal 32 residues are disordered
in this structure. 
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Table 2
Non-bonded contacts between antiparallel dimers in orthorhombic (pH 3.7) crystals of sTNF-R1.
Polar contacts* van der Waals
Residue Atom Residue Atom Distance (≤4.0 Å)†
A A B B (Å)
D12 – – – – N155
V14 – – – – R146, V151, L160(3)
C15 O R146 Nη1 3.2 R146(2), L160(2)
P16 – – – – S159(2), L160, E161(2)
Q17 N E161 Oε2 3.3 –
I21 – – – – E147(2)
F60 – – – – L111
H69 – – – – E79(4)
L71 – – – – R77, M80(2), L111
S72 O R77 Nη1 3.2 R77(3)
O R77 Nη2 3.1 –
S74 – – – – R77
R77 Nh1 S72 O 3.1 L71(2), S72(3), D93
Nh2 S72 O 3.2 –
Nh2 S74 Og 3.3 –
E79 – – – – L67, L71
D93 – – – – L111
R104 Nh1 E109 Oε2 3.0 E109(2)
Y106 Oh E109 Oε1 2.8 E109(4)
W107 S63(8)
N110 Od1 N110 Nd2 2.7 N110(6)
L111 – – – – F60
F144 – – – – V14(2)
R146 Nh1 C15 O 3.0 V14(3), C15(4), P16, Q17(2)
E147 Oε1 C15 N 2.9 M11(2), V14(5), C15(4)
V151 – – – – M11(2), V14
N155 – – – – D12(14)
S159 – – – – P16(2)
L160 – – – – V14
E161 Oε1 Q17 N 2.8 P16(6), Q17(3)
*Hydrogen bond and ion pairs between atoms from monomer A and
atoms from monomer B (cut-off is 3.3Å). Residues are identified by the
one letter code and sequence number. †For each residue in monomer A,
van der Waals partners in monomer B are listed. The number in
parentheses indicates the number of atoms in that residue within 4.0Å of
the corresponding residue in monomer A.
The low pH dimer is held together by extensive hydropho-
bic and hydrophilic interactions that bury 1480Å2 of
hydrophobic accessible surface and 1400Å2 of hydrophilic
accessible surface These interactions, which are detailed in
Tables 1 and 2, occur along the entire length of the dimer.
Two cavities (related by the twofold axis) are formed at the
dimer interface with residues 17, 18, 32 and 67 from one
monomer and residues 113, 115, 134, 148 from the other.
The cavity has an approximate diameter of 10Å, and is par-
tially filled with ordered water molecules. In addition, the
twofold axis of the dimer passes through a narrow twisted
solvent channel with a diameter no greater than 3.0Å.
Unlike the recombinant protein described here, the extra-
cellular domain of the native receptor is glycosylated at
Asn17, 96 and 124. However, as these sites are not located
at the dimer interface they would be expected not to inter-
fere with dimerization.
The surface area buried by the low pH dimer is comparable
with that observed in other multimeric proteins [18] and 
far exceeds that commonly seen for antibody–antigen inter-
actions [19]. Perhaps the most interesting observation is
that the low pH dimer buries almost 50% more surface area
than the LTa–sTNF-R1 complex [8]. Residues 14–17, 21,
60, 69–72, 77–79, 104–107, 110–114, 144, 146–147,151–155,
160–161 are involved in or are buried by formation of 
the low pH dimer (Table 2), encompassing virtually all 
the residues involved in LTa– recognition [8]. This dimer
would therefore be incapable of binding TNF in the
manner observed in crystals of the LTa–sTNF-R1
complex [8]. It is notable that the LTa complex is stabi-
lized by four ion pairs; we would expect these to be much
weaker at low pH. The low pH dimer bears a further super-
ficial resemblance to the high pH antiparallel dimer: both
bury the TNF interaction surface. However, although
some residues (His69, Leu71, Ser72, Arg77, Glu79 and
Asp93) are present at both interfaces, the dimers are
formed by completely different sets of residue–residue
contacts (Tables 2 and 3). The parallel dimer found at high
pH which does not occlude the TNF interaction surface 
is held together by an almost completely different subset 
of residues and contacts than either of the antiparallel
dimers (Tables 2, 3 and 4).
As yet no direct evidence exists to support a dimeric
receptor species in solution. Nevertheless, in the relevant
biological context, TNF-R1 dimers are proposed to form
on the two-dimensional surface of the plasma membrane
where the entropy penalty for dimerization would be sig-
nificantly less than for dimer formation in solution [20].
Modular structure of sTNF-R1
The extracellular domains of TNF-R1 and its homo-
logues have been characterized as multiple repeats of an
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Figure 3
Two orthogonal views of the low pH dimer
that is the asymmetric unit of the P212121
crystal form. Careful examination of the figure
shows that the interaction between sub-
domain one and subdomain four is closer at
one end of the dimer than the other. (Figure
prepared using RASTER3D [31].) The color
scheme for one monomer is the same as in
Figure 1. The other monomer is colored dark
blue (subdomains one and three) and bright
blue (subdomains two and four).
approximately 40-residue subdomain. The subdomain has
the sequence Cys1–x10-15–Cys2–x2–Cys3 –x2–Cys4–x8–11–
Cys5–x7–8–Cys6, where xn–m denotes n to m intervening
amino acids. The subdomain is characterized by three
disulphides: Cys1–Cys2, Cys3–Cys5 and Cys4–Cys6.
This structural unit is exemplified by subdomains two
(55–96) and three (98–137) of sTNF-R1 and has been
described in detail [7,8]. However, subdomain one
(15–52), has no intervening residues between Cys2 and
Cys3. As a result, the orientation of the N-terminal
S-shaped loop relative to the C-terminal S-shaped loop is
quite different when compared with subdomains two and
three (Figs 1,2). Subdomain four (139–166) is yet more
divergent, as discussed above.
In accordance with Bazan [5], we now suggest that the
extracellular domain of TNF-R1 is built up of three dis-
tinct modules, which we term A1, B2 and C2, rather than
the 40-residue subdomain favoured in earlier reports [7,8].
A and B modules may contain either one or two disulfide
bonds, thus giving rise to the designation A1, B2 etc. The
A1 module is the N-terminal S-shaped loop found in all
four subdomains. The B2 module is the C-terminal
S-shaped loop found in subdomains one, two and three.
The C2 module corresponds to the C terminus of the
fourth subdomain, which is disordered in all but the
orthorhombic crystals. Subdomains one, two and three are
each a linear combination of an A1 and a B2 module. Sub-
domain four is a linear combination of an A1 and a C2
module. Figure 2 shows how a subdomain is decomposed
into its constituent modules and Figure 5 shows the struc-
ture of the A1 and B2 modules. The modules are con-
nected to each other by a varying number of intervening
acids (0, 1 and 2). The modular composition of sTNF-R1
is shown in Figure 6.
The four A1 modules have the sequence Cys1–x2–
Gly–x1–Tyr(Phe)–xa1–xb4–9–Cys2: we use superscripts to
identify particular residues or regions within the struc-
ture. Each module has a structurally conserved core of
eight amino acids (Cys1–x2–Gly–x1–Tyr–xa1 and Cys2)
whose Ca atoms superimpose with an average root mean
square (rms) deviation of 0.4 Å (Fig. 5a). This core
includes the conserved aromatic residue highlighted by
Banner et al. [8]. Structural variability is seen at the xb4–9
loop (at the bottom of Fig. 5a). Each A1 module has a
different sequence and number of amino acids in this
loop. The B2 modules at residues 73–96 and 117–137
have sequence Cys3–x2–Cys4–xc3/6–xd5–Cys5–xe4–Asp–
Thr–x–Cys6 where n/m denotes n or m intervening
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Table 3
Non-bonded contacts between antiparallel dimers in tetragonal (pH 7.5) crystals of sTNF-R1.
Polar contacts* van der Waals
Residue Atom Residue Atom Distance (4.0 Å)†
A A B B (Å)
Q24 – – – – S108(2)
Y40 O R77 Nη2 2.7 C76, R77(18), E79(5)
N41 – – – – L111
R53 Nη2 E79 Oε2 2.9 E79(3)
S59 – – – – S72
F60 – – – – H69(3)
H69 Nd1 S72 O 2.8 F60(3), L71(2), S72(6),S74(2),
D83
C70 N S72 Og 2.8 C70, L(2), S72(8)
O S72 N 2.9 –
L71 – – – – H69(3), C70(2)
S72 N C70 O 2.9 S59, H69(6),C70(7)
Og C70 N 2.9 –
O H69 Nd1 2.7 –
S74 – – – – H69(2)
K75 Nz E56 Oε1 2.9 Y38, E56
C76 – – – – Y40
R77 Nη1 Y40 O 3.0 Y40(8), N41(7)
Nη2 Y40 O 2.6 – –
K78 – – – – Y40
E79 Oε1 Y40 Oη 2.7 Y40(7)
Oε2 N41 Nd2 3.2 –
D93 – – – – H69
*Hydrogen bond and ion pairs between atoms from residues in
monomer A with atoms from residues in monomer B (cut-off is 3.3 Å).
Residues are identified by one letter code and sequence number. †For
each residue in monomer A, van der Waals partners in monomer B are
listed. The number in parentheses indicates the number of atoms in
that residue within 4.0 Å of the corresponding residue in monomer A.
residues. This gives 18 superimposable amino acids with
a Ca rms deviation of 0.7 Å. The loop xc3/6 (top of
Fig. 5b) is different in both sequence and in the number
of amino acids; it was therefore excluded from the super-
position calculation. The B2 module in subdomain one
(residues 30–52) again has a different loop composition
four residues) and structure at xc. However, it also differs
in that it has five rather than four residues at xe. This
results in only 14 superimposable amino acids with an
average rms deviation of 0.8 Å for Ca atoms. The con-
served core of amino acids includes the Asp–Thr–x–Cys6
motif highlighted previously [8].
It is notable that in both modules, structural divergence is
associated with differing numbers of residues in a loop and
that sequence divergence occurs in structurally conserved
loops. For instance the glycine in the A1 module is
replaced by asparagine in subdomain three. We therefore
suggest, that it is the number, rather than the type, of
residues that determines the structure of variable loop
regions in the A1 and B2 modules. We have extended our
analysis to the entire TNF-R superfamily (JHN and SRS,
unpublished data) and have found that the vast majority of
TNF-R1 homologues can be described as combinations of
A and B modules.
Segmental flexibility: structural differences on pH change
and LTa binding
The low pH form in combination with other structures of
sTNF-R1 allows us to describe the changes in receptor
conformation that occur in response to environment. Table
5 summarizes the results of the superpositions of the six
sTNF-R1 structures. When the monomer is considered as
a single unit, the rms deviations in Ca positions range from
1.1 to 2.8Å. For monomers related by noncrystallographic
symmetry (ncs), the rms deviation is 1.4 Å. Splitting the
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Figure 4
(a) The parallel dimer found at pH 7.5; this
dimer does not occlude the TNF-binding site.
(b) The antiparallel dimer found at pH 7.5
occludes the TNF-binding site. The color
scheme is as in Figure 3. (Figure prepared
using RASTER3D [31].)
monomers into the four subdomains reduces these values
and splitting the structures into modules reduces them 
to ≤0.5Å (i.e. more typical values for structural superposi-
tion). Thus it is the modules which are structurally con-
served among the structures of sTNF-R1 rather than the
subdomains. The high rms deviations for the monomer
and subdomain superpositions are due to structural flexi-
bility in the connections between modules. These con-
nections are equally flexible whether they are within or
between subdomains. For example, the ncs superposition
of residues 30–70 (B2–A1 module combination with con-
nection between subdomains) is 0.4 Å, approximately the
same as residues 55–96 (A1–B2 module combination with
connection within a subdomain). Splitting subdomain one
into two modules yields a less dramatic drop in rms devia-
tion, a consequence of the lack of intervening residues
between the modules and hence decreased flexibility. The
most pronounced flexibility is seen at Gly97, the connec-
tion between the second and third subdomains (Fig. 7). It
is the segmental rigid-body movements of modules that
underlie deviations from ncs in sTNF-R1.
Segmental flexibility allows sTNF-R1 to adapt its struc-
ture to changes in solvent conditions and LTa binding.
These adaptations are most dramatically illustrated by
superimposing all structures of sTNF-R1, but using only
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Table 4
Non-bonded contacts between parallel dimers in tetragonal (pH 7.5) crystals of sTNF-R1.
Polar contacts* van der Waals
Residue Atom Residue Atom Distance (≤ 4.0Å)†
A A B B (Å)
M11 E54
Q17 Nε2 K35 O 3.3 T37(4), K35, G36(3), E54,
V90(2), D91
G18 H34(5)
K19 Nz D49 Od2 3.1 D49(2)
T31 Og1 D49 Od1 2.7 H34(2), D49(3)
K32 O H34 Nε2 2.8 H34(8)
C33 H34(2)
H34 Nε2 K32 O 2.8 G18(2), T31(2), K32(8), C33(2),
H34(8), E64(3)
K35 O Q17 Nε2 3.1 Q17(2), E64(3)
G36 Q17(4)
T37 Q17(3)
G47 O D49 N 2.9 Q48(3), D49(4)
Q48 Nε2 Q48 Oε1 2.9 G47(4), D48(4), Q49(7)
D49 N G47 O 2.9 K19(2), T31(4), G47(4), Q48(3),
Od2 T31 Og1 2.6 D49(2)
E54 Q17
E64 H34(4), K35(2)
V90 Q17(2)
D91 Q17
H126 V136(2), L145
L127 Q133, V136
Q130 Q133(2)
Q133 Oε1 Q133 Nε2 2.9 L127, Q130(3), Q133(6)
Nε2 Q133 Oε1 2.9
V136 H126(2), L127, V136
C137 H126(2)
T138 L145
L145 H126(5), T138
*Hydrogen bond and ion pairs between atoms from residues in
monomer A with atoms from residues in monomer B (cut-off is 3.3Å).
Residues are identified by the one letter code and sequence number.
†For each residue in monomer A, van der Waals partners in monomer B
are listed. The number in parentheses indicates the number of atoms in
that residue within 4.0 Å of the corresponding residue in monomer A.
Table 5
Root mean square deviations (Å) in Ca superpositions.
Reference Target molecules for superposition
orthorhombic* Orthorhombic† Hexagonal Tetragonal LTa complex
Monomer 1.4 1.1 2.9 1.8
Subdomains 0.4 0.5 0.8 0.7
Modules 0.2 0.4 0.5 0.5
*Monomer A of the orthorhombic crystal form; †monomer B of the
orthorhombic crystal form.
residues in subdomain three to calculate the superposition
vector (Fig. 7). This partially mimics the biological envi-
ronment where the C terminus is anchored to the mem-
brane. This superposition results in a difference of over
15 Å in the position of N terminus between the high [7]
and low pH forms of the receptor. The LTa-bound form
of sTNF-R1 [8] lies between these extremes. As a result,
the low pH monomer is less curved with a distance
between the first and tenth disulphide of 66 Å compared
with 62 Å at pH 7.5 and 64 Å in the LTa-complex form.
The fourth subdomain adopts a different orientation rela-
tive to third subdomain in the low pH form when com-
pared with the other structures. This shift in position is
over 4.0 Å and is clearly visible in Figure 7. We interpret
the movement of the fourth subdomain as being a conse-
quence of its participation in dimer contacts and the
hydrogen bonds that it forms to the third subdomain;
Asn148 to Asn116 and Asn148 to Ser118. Both this dimer
and these additional hydrogen bonds are unique to the
low pH crystals. In the orthorhombic structure the ninth
disulphide (Cys129–Cys137) adopts unusual χ1 values of
180°/180°, in contrast to the pH 7.5 and LTa complex
structures where the corresponding values are 60°/60°.
The conformation of the ninth disulphide in the hexago-
nal form is ambiguous. It seems likely that this change in
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Figure 5
The modules which are structurally conserved within sTNF-R1. (a) An
overlay of the four type A modules found in sTNF-R1: residues 15–29
(dark blue); residues 55–70 (grey); residues 98–114 (red); and
residues 139–150 (light blue). The side chains of the conserved
aromatic residues are shown, the cysteine residues are shown in
yellow. (b) An overlay of the three type B modules found in sTNF-R1:
residues 30–52 (blue); residues 73–96 (grey), and residues
117–137 (red). Cysteine residues are shown in yellow. Figure
prepared using SETOR [32].
Figure 6
Superposition of sTNF-R1 monomers from the orthorhombic (low pH)
crystal form (grey), tetragonal (pH 7.5) crystal form (red) and LTa
complex (blue). The superpositions were calculated using only the Ca
atoms of subdomain three. The segmental flexibility of the monomer is
clear, with dramatic shifts in the N-terminal subdomains. The fourth
subdomain of the orthorhombic crystal form is clearly positioned
differently from the other two. (Figure prepared using SETOR [32].) 
disulphide conformation is correlated with the movement
of the fourth subdomain. We note that constructing a
model of the parallel dimer form seen at pH 7.5 (Fig. 4a)
with the complete monomer leads to interpenetration of
subdomain four, strongly suggesting that the position of
this subdomain is flexible. Comparing the two unliganded
structures, shifts in local regions of the main chain (up to
1.0 Å) occur at regions that are involved in dimer or crystal
contacts, particularly at Pro46, Ser74 and Val90. In the
LTa complex, the main chain at Asn25 is shifted relative
to both unliganded structures. However, this may reflect
the fact that in the LTa complex structure, this residue
was glycosylated. The orientation of side chains at Ser63,
72 and 108 change on LTa binding in order to make
hydrogen bonds with the cytokine. A number of other dif-
ferences in side-chain conformation  are seen, but these
are either found in flexible regions or differ between the
various unliganded receptor structures.
Biological implications
Tumor necrosis factor (TNF) is responsible for dramatic
changes in cellular metabolism. TNF exerts its affects
through two receptors, TNF-R1 and TNF-R2. Both
receptors belong to a superfamily that includes FAS, low
affinity nerve growth factor (NGF) receptor and CD40.
We report the crystal structure of the extracellular
domain of the TNF-R1 receptor (sTNF-R1), crystal-
lized at low pH and at high ionic strength; the receptor
exists as a dimer in two crystal forms. The dimer is
formed by an antiparallel association between the
monomers at a dimerization interface that overlaps with
the LTa-binding surface. The interface is considerably
more extensive than that involved in complex formation
with LTa. We do not claim that acidic conditions are
specifically responsible for the formation of the sTNF-
R1 dimers observed in the orthorhombic crystals.
However, such dimers could form when TNF-bound
receptors are internalized and enter the acidic compart-
ment of the endosome. Dimer formation would displace
bound TNF and could allow the receptors to be recycled.
We have previously shown that sTNF-R1 crystallized at
pH 7.5 from methylpentandiol forms both an antiparallel
and a parallel dimer, which are distinct from the dimer
described here. We suggested possible roles for ‘high pH’
dimers in signal regulation and receptor internalization.
No direct evidence exists to support a dimeric receptor
species in solution. Nevertheless, the entropy penalty for
dimerization on the membrane would be significantly
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Table 6
Crystal parameters, data collection and refinement statistics.
P212121 P6122
Unique reflections 37 300 13 334
Completeness of data
entire resolution range I> 0sI ( > 3sI) 11.0–1.85 Å 97 % (91 %) 42.0–1.87 Å 97 % (88 %)
highest resolution shell I> 0sI ( > 3sI) 1.93–1.85 Å 77 % (64 %) 1.95–1.87 Å 91 % (68 %)
Rmerge(I) (%)* 5.1 5.5
Average data redundancy 5 6
Refinement
Resolution range (Å) 8–1.85 42–1.87
R free (%)† 24.3 27.8
R factor (%) 20.5 23.9
Bond rms deviation (Å)‡ 0.009 0.009
Angle rms deviation (Å)‡ 1.686 1.790
Ramachandran core/addtnl (%)§ 90.2/9.8 85.0/12.0
Protein mean B (Å2) 18 35
Solvent mean B (Å2) 30 43
B-factor bond rms deviation (Å)# 2.0 3.4
Protein atoms 3080 1255
Solvent atoms 403 120
*Rmerge(I) = Shkl Si | Ii–I(hkl)| / Shkl SiIi (hkl); †R free is calculated on 10 %
of data excluded from gradient calculation during refinement; ‡rms
deviation from Engh and Huber ideal values [28]; §core and
additionally allowed regions as defined by PROCHECK [29]. In
P6122, one residue is in the generously allowed region and two are
in disallowed regions; all three residues are in poorly defined regions
of electron density. #Rms deviations on B factors between bonded
atoms, calculated with MOLEMAN (GJ Kleywegt, unpublished
program); atoms with zero occupancy are excluded from all B factor
calculations.
Figure 7
15–29 30–52 55–70 73–96 98–114 117–137 139–150 153–166
A1 x0 B2 x2 A1 x2 B2 x1 A1 x2 B2 x1 A1 x2 C2  
subdomain one subdomain two subdomain three subdomain four
less than for dimer formation in dilute solution. Further
studies of the aggregation properties of the receptor in
vivo will be required to assess the true biological rele-
vance of ligand-independent receptor aggregation.
Three of the four ~40 amino-acid subdomains that com-
prise the extracellular domain of TNF-R1 are composed
of a linear combination of an A1 module and B2 module.
The A1 module is the S-shaped double hairpin structure
that forms the N-terminal half of the subdomain. The
B2 module is a similar but distinct S-shaped structure
that forms the C-terminal half of the subdomain. The
fourth subdomain, which had been largely disordered in
all previous studies, consists of an A1 module followed
by an atypical C2 module. The C2 differs in topology
and disulphide connectivity from both the A1 and B2
modules. Elsewhere, we demonstrate that all members
of the TNF-R superfamily are combinations of modules.
In sTNF-R1 it is the modules rather than the subdo-
mains that are structurally conserved. The connections
between the modules are flexible: consequently, sTNF-
R1 exhibits segmental rigid-body movements in response
to pH changes and LTa binding. Modules may corre-
spond to functional as well as structural units. The com-
partmentalization of binding activity within small,
discrete structural units has important implications both
for the evolution of this family of receptors, and for the
design of receptor antagonists.
Materials and methods
Crystallization and data collection
Recombinant sTNF-R1 was expressed and purified as previously
described [21]. Although the protein used was refolded from inclusion
bodies, kinetic and thermodynamic measurements indicate that it is
identical to the protein found in serum and urine. Crystals in space
group P212121, with unit-cell parameters a= 78.8Å, b= 83.1Å,
c = 67.9Å were obtained at pH3.7 with MgSO4 as the precipitant, as
described [21]. More recent batches of protein have produced a
second crystal form under exactly the same conditions as used for the
P212121 form. This form occurs as hexagonal bipyramids in spacegroup
P6122 with unit-cell parameters a= b = 69.5Å, c= 112.8Å. The per-
centage of each form varies from 0–100% within any crystallization
experiment, although P212121 predominates. We have as yet found no
systematic way of selecting one form over the other. We cannot identify
any changes in the protein from one batch to the next and we have not
modified our purification or crystallization protocols. All batches of the
protein crystallize at pH7.5 with MPD [21]. Although we think it is highly
unlikely, we cannot exclude the possibility of the presence of folding
isomers (at the C terminus).
Data to 1.85Å for the P212121 crystal form were collected from 
a single frozen crystal mounted in a nylon loop at Station PX9.2 at the
Daresbury synchrotron, with a wavelength of 0.992Å on a Mar image
plate. The crystal was cryoprotected with 12% glycerol prior to data col-
lection. The intensity data were processed and merged with DENZO and
SCALEPACK [22]. Further data reduction was carried out with the
CCP4 package [23]. Data reduction statistics are shown in Table 6. The
first data set on the P6122 form was recorded with a room temperature
crystal using the Xuong-Hamlin area detector and a copper rotating
anode source. The crystal was radiation sensitive and only a 60%
complete 2.8Å data set was recorded. A second data set on a cryopro-
tected (12% glycerol) P6122 crysta was collected to 1.87Å using an
R-AXIS II with a copper rotating anode source. The intensity data were
processed and merged with DENZO and SCALEPACK [22]. Data
reduction statistics for the frozen P6122 crystal are shown in Table 6.
Structure solution and refinement
The P212121 crystal form had not proven tractable to isomorphous
replacement. Molecular replacement using sTNF-R1 dimers or
monomers or partial structures thereof from the P41212 structure [7]
and the LTa complex [8] failed to yield a solution. The room tempera-
ture data set on the P6122 crystal form then came to hand. With a
monomer in the asymmetric unit this crystal form was readily solvable
with CCP4 AMORE [24] using a monomer from the P41212 structure
[7] as the search model. Despite the poor quality of the data this
structure was refined to an R factor of 25 %, and R free of 38 %. The
structure was ordered only from residues 15–137 and electron
density was weak and noisy for residues 110–137. This partially
refined partial structure was used as a model for a further molecular
replacement attempt on the P212121 structure. This search model pro-
duced a single weak solution with CCP4 AMORE, but only when nor-
malised structure factors (Es) were employed. This single solution
readily located the second monomer in a phased translation search.
The two monomers were not related by any peak in the Patterson self-
rotation map.
The P212121 structure was refined using X-PLOR [25] and manual
intervention was carried out using O [26]. Electron-density maps were
calculated with data from 11–1.85 Å using SIGMAA-weighted coeffi-
cients [27]. The model was refined against 90 % of the measured data
between 8–1.85 Å using the Engh and Huber stereochemical dictio-
nary [28]. The remaining 10 % of measured data between 8 and
1.85 Å were excluded from all refinement calculations to monitor
progress of refinement. No sigma cut-off was applied to the data.
Weak noncrystallographic restraints were imposed on both positional
and B-factor refinement, but regions of crystal contact were excluded.
The initial model (R = 55 %, R free = 54 %) had to be extensively
rebuilt, particularly residues 97–137. It was immediately obvious in the
first Fo–Fc maps that a large C-terminal portion of the molecule was
present. Residues 138–172 for one monomer and 138–168 for the
other were built into density. Water molecules were included in
batches provided they satisfied four criteria: they corresponded to a
peak at ≥ 3.5s (0.26e/Å–3) in the Fo–Fc map; they formed potential
hydrogen bonds with reasonable stereochemistry; they reappear in at
least 1s in subsequent 2Fo–Fc maps (0.26e/Å–3); and adding the
batch of water yielded a reduction in R free. Once convergence was
achieved, the model was then refined against all measured data from
8 to 1.85 Å for 20 cycles of Powell minimization. Statistics on the final
model are shown in Table 6.
To confirm the difference in the conformation of disulphide nine
between the orthorhombic and tetragonal structures, we calculated
simulated-annealing SIGMAA omit maps for both structures. We also
rebuilt each like the other and attempted to refine these models.
However, difference electron density strongly suggested that the origi-
nal conformers were correct in each case. We are convinced that this
is a real difference in the structures.
The 1.87Å data set on the P6122 crystal was collected after the
P212121 structure had been fully refined. The hexagonal structure was
redetermined using CCP4 AMORE with a monomer from the orthorhom-
bic structure. The C-terminal 34 residues had to be removed from the
search model to yield the correct solution. This structure was refined
using data (no sigma cut-off) from 42–1.87Å with the X-PLOR bulk
solvent correction [25]. Statistics on the final model are shown in Table
6. The P6122 structure is extremely disordered in some residues: only
residues 14–120 and 127–135 are ordered. Residues 13, 121–127
and 135–139 were built into weak and ambiguous density on the basis
of prior sTNF-R1 structures. Residues 11, 12 and 140–172 appear to
be completely disordered, consistent with our observation that including
this region in the search model gives an incorrect solution. We feel that
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our failure to accurately model these disordered regions is responsible
for the relatively high R free of 27.8%.
Protein stereochemistry was assessed with X-PLOR [25] and
PROCHECK [29]. Programs from the Uppsala suite were used to
measure differences in dihedral and side-chain angles between
monomers. Superpositions and buried surface area calculations were
carried out using the CCP4 package [23].
Accession numbers
The coordinates of the P212121 dimer and the data set have been
deposited with the Brookhaven Protein Data Bank [30] (entry codes
1EXT and R1EXTSF).
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